The Moderate Resolution Imaging Spectroradiometer (MODIS) is a scanning radiometer that will fly as a facility instrument on the NASA polar-orbiting Earth Observing System (EOS) spacecraft. The first MODIS instrument is scheduled for launch in 1998 on the first EOS-AM spacecraft. MODIS is designed to provide critical data necessary to monitor global change and provide information vital to understanding the Earth as a system. This paper provides an overview of the MODIS requirements and system design. The operation of the instrument is described from photons in to formatted data out. Brief descriptions of the key functional subsystems of the instrument are provided. Predicted performance is summarized for critical areas including radiometric sensitivity and calibration accuracy, modulation transfer function (MTF), pointing accuracy, and spectral band registration.
INTRODUCTION
MODIS (see Figure 1 ), the central instrument on EOS, is designed to provide broad spectral and spatial coverage of the Earth from a 705-km near-polar, sun-synchronous orbit. The MODIS instrument will be launched on multiple EOS-AM and EOS-PM spacecraft to provide long-term (at least 15 years), continuous data to help discern the extent, causes, and regional consequences of global climate change. The first EOS-AM spacecraft and the first MODIS instrument will be launched in 1998 into an orbit with a morning (10:30 am, descending node) equatorial crossing time optimized for monitoring surface features; cloud cover is at a minimum. The first EOS-PM spacecraft, planned to launch in the year 2000, will have an afternoon (1:30 pm, ascending node) crossing time, which was selected for its usefulness for contributing data for meteorological forecasting. The MODIS instrument has critical simultaneity requirements with the other instruments on both spacecraft. Data on terrestrial surface features and the atmosphere obtained at two different times of day make it possible to study diurnal variations in these features. 1 • Global Land Survey The MODIS instrument will provide high sensitivity, wide dynamic range, and high calibration accuracy over a broad spectral range.
REQUIREMENTS
The MODIS instrument requirements are derived from a diverse set of oceanographic, terrestrial, and atmospheric science observational needs. These needs stem from the common objective of understanding Earth as an integrated system. "Among the many observables will be global vegetation; snow and ice extent; land dynamics; ocean color; sea surface and land surface temperatures; tropospheric temperature profiles; and water vapor and ozone in the atmosphere."2 "These measurement objectives dictate two-day repeat coverage over the globe with 250-, 500-, and 1000-rn spatial resolution channels that have sufficient dynamic range and spectral coverage to permit a wide range of land, ocean, and tropospheric and stratospheric phenomena to be studied. ' 3 Sensors, such as MODIS, designed to monitor global change must exhibit exceptional radiometric accuracy, precision, and stability so that instrument variations and uncertainties do not mask subtle changes in the data-the very changes that would be indicative of climate change.
These observational requirements lead to six principal instrument characteristics that drive the MODIS design.
. The simultaneous achievement of all of these design features has required numerous tradeoffs that balance sensor performance and design complexity. The MODIS instrument configuration is driven by the wide-field-of-view scanning requirement, the need to view multiple calibration sources, and the need for high reliability. Key MODIS requirements are summarized in Table 1 . reflectance ( <3 jim)
MODIS SYSTEM FUNCTIONAL DESCRIPTION
The MODIS instrument, as illustrated in Figure 2 , will mount on the front corner of the EOS spacecraft. This mounting location allows solar calibration and a clear view to space for radiative cooling and for dc restoration.
The scanning and optical functions of the MODIS instrument are shown schematically in Figure 3 . The Earth scene and internal calibration sources are scanned using a double-sided, continuously rotating "paddle wheel" scan mirror operating at 20.3 rpm. The active Earth-scene viewing portion of the scan is degrees about nadir; the remainder is utilized for viewing space and thermal and reflective sources for dc restoration and calibration. The space viewport is also the path for lunar calibration when the moon is in view. The internal calibration sources include a full-aperture solar diffuser, a full-aperture blackbody, and a spectroradiometric calibration assembly (SRCA). The SRCA provides spectral, radiometric, and spatial calibration. The simple scanning system offers access to the calibration sources every scan with no additional moving parts. Energy reflected off the scan mirror is directed by a polarization-canceling fold mirror (not shown in the block diagram) to the twomirror, off-axis telescope. Table 2 gives a summary of the major optical system parameters. The optical system, shown in Figure 4 , is designed to provide for high throughput and low polarization sensitivity. The two-mirror, off-axis Gregorian telescope has a 4X mag- The MODIS instrument has four focal plane assemblies (FPAs) corresponding to each of the four objective assemblies. The pixel geometries of the FPAs are shown in the layout of Figure 5 . Each spectral band utilizes a row of detectors in the alongtrack direction to image 10,000 m in the along-track direction during each scan. Thus, there are 10 detectors along-track in the 1000-m bands and 20 and 40 in the 500-and 250-rn bands, respectively. The projection of the four FPAs on the ground overlap at the optical axis shown in the figure. This layout allows the use of individual dielectric bandpass filter coatings optimized for each band; for more compact packaging, some filter substrates accommodate the coatings for two bands. Filters are supported on a mask substrate, one per EPA, that provides a defining aperture for the incident energy at the detectors and assists in blocking unwanted out-of-band energy. An integer number of 1-km IFOV spacings are allowed between the bands to facilitate spectral band registration. Smaller detectors are used for the 1-km pixels in the LWIR bands than for the 1-km pixels in the other spectral regions in order to improve LWIR detector performance and manufacturabiity. Two bands, bands 13 and 14, use two rows of detectors in time delay and integration (ThI) to enhance radiometric performance. Important focal plane parameters are summarized in Table 3 .
ii I F II ii A simplified block diagram of the electronics subsystem is shown in Figure 6 . Table 4 gives the critical electronic system performance parameters. The analog signal processing and analog-to-digital (AID) conversion electronics are located in two analog electronics modules: the space-viewing analog electronics module (SAM), and the forward-viewing analog electronics module (PAM The science data will be output from MODIS in CCSDS (Consultative Committee for Space Data Systems) formatted data packets. The data in the packets will be aligned as if all bands were simultaneously looking at the same point on the Earth; i.e., co-registered. A frame of data is defined as the data collected from all bands during the 333.3 jts after the conclusion of the integration interval for a 1-km spatial IFOV scan. This frame consists of the data from 1 km along scan and 10 km along track. Each of the 1000-m IFOV channels will produce one sample, each of the 500-rn channels will produce two samples, and each of the 250-rn channels will produce four samples during this readout interval. For each 1-km by 10-km frame of data, MODIS produces a total of 810 12-bit samples. Data processing takes place in the formatter, which is located in the main electronics module (MEM). 4 The formatter receives the parallel digital data from the analog electronics modules and removes the temporal delays that result from sequential scanning of Earth by the various bands. The formatted, packetized data are stored in the first-in-first-out (FIFO) buffer memory, FDDI (fiber distributed data interface) encoded, and transmitted to the spacecraft at an average day mode rate of 10.2 Mbps, and a night mode rate of 2.73 Mbps. The main electronics module also contains the power conditioning, timing, command, control, and telemetry functions. Several on-board calibration systems are used to achieve and maintain the required high level of calibration accuracy. This on-board capability includes a blackbody reference, a clear view to space, a reflective solar diffuser, a solar diffuser stability monitor, and a spectroradiometric calibration assembly. The rotating scan mirror allows access to these sources each scan cycle, without disrupting the normal operation of the instrument. The blackbody and clear view to space provide for dc restoration of the analog electronics and a two-point radiometric calibration of the infrared bands. The solar diffuser is an accurate radiance target for the calibration of the reflective bands. The solar diffuser is illuminated once per orbit at the North Pole when the sun is in view (South Pole for the EOS-PM platform). The solar diffuser stability monitor (SDSM) alternately views the solar diffuser and the sun, providing a check of the diffuser to monitor reflectance stability and detect the presence of any contaminants. The SRCA includes a monochromator for checking the spectral filters and verifying their stability, a spectral-band registration measurement capability, and a broadband source for monitoring intra-orbit radiometric stability. The SRCA will provide a linkage between preflight ground calibration and the initial in-orbit calibration. Figure 7 is an exploded view that shows the main modules that comprise the MODIS instrument.5 All imaging objectives, the VIS and NIR FPAs, and the radiative cooler with the JR FPAs are mounted to the aft-optics platform. This ensures that any motions will be relative to a common reference, thereby maintaining precise inter-band registration. Placement of the main electronics module and radiative cooler on the "cold" face of the spacecraft allows for passive radiant cooling of electronics and focal planes. Two separate analog electronics modules are located in relative close proximity to the FPAs to preamplify signals and convert them to digital data as soon as possible, thus minimizing susceptibility to noise and maintaining integrity of the data. The mainframe shown in Figure 7 is the structural backbone of the sensor and provides stable, rigid support for mounting and maintaining alignment of the major opto-mechanical assemblies. The optical bench assembly, calibration sources, scan-mirror assembly, and electronics modules are mounted to the mainframe. Three kinematic mount brackets provide the mechanical interfaces of the MODIS mainframe to the spacecraft. The all-beryllium mainframe is comprised of three primary bulkheads and support panels, bonded, and bolted into a rigid monocoque structure. This lightweight beryllium construction offers a high stiffness-to-weight ratio, high thermal conductivity, and low thermal distortion. Temperature uniformity of the scan cavity is critical for radiometric performance; additionally, thermally induced distortions can potentially affect pointing accuracy. The open internal design of the mainframe allows radiative interchange and enhances thermal uniformity. Thermal analyses predict orbital and calibration transients will be less than 4 K.
MODIS HARDWARE DESIGN DESCRIPTION

Scan mirror assembly
The lightweight beryllium scan mirror rotates 360 degrees at a rate of 20.3 rpm continuously for the five-year mission life. The mirror's period is maintained to sec to control scan-to-scan underlap. Enhanced silver coatings are used for high reflectance and low scatter over the broad spectral range of the sensor. The mirror is driven by a dual-winding brushless dc motor. A two-track, 14-bit encoder will provide mirror velocity control to 0.1% and position information for synchronization timing and data acquisition.
Optical bench assembly
The MODIS optical bench assembly (OBA), consisting of the afocal telescope assembly and the aft-optics assembly, is a selfcontained optical subsystem for the instrument. The OBA is kinematically mounted to the mainframe, thus assuring good isolation from any thermally induced structural deformations in the mainframe. The afocal telescope assembly consists of the fold mirror and primary and secondary mirrors. The aft-optics assembly consists of the refractive-imaging objectives, fold mirror, dichroic beamsplitters, and the radiative cooler assembly. The major subassemblies of the OBA are shown in Figure 8a . The focal plane assemblies mounted at each of the four focal points of the optical system are part of the optical bench assembly; however, they will be discussed in a separate section. The Afocal Telescope Assembly consists of a fold mirror, a 17.78-cm primary mirror, and the secondary mirror. Mirrors are made of Zero-Dur low-expansion substrates with protected silver coatings. The fold mirror directs energy from the scan mirror to the telescope and serves to compensate for the primary component of polarization induced by the scan mirror. The telescope axis is tilted up 14 degrees from the horizontal to minimize the angles of incidence on the scan mirror, thereby reducing its size and minimizing polarization. The individual mirror elements are mounted onto a graphite-epoxy structure to maintain alignment of the elements. Separation between the primary and secondary mirror needs to be maintained to within 0.001 in. to maintain the desired field map across the focal plane. The assembly must maintain optical performance over a temperature range of 10°C.
The three dichroic beamsplitters in the aft-optics assembly receive collimated energy from the secondary mirror and direct it to four refractive objective assemblies. Dichroic 1 is the most complex, reflecting the entire VIS, NIR region while transmitting the balance of the scene energy to 14.4 im in wavelength. Dichroic reflection regions are given in Energy from the dichroics is reimaged by the corresponding objective assembly for the spectral region. The objective designs provide for best image quality and field curvature while maintaining a design that is reasonably athermal and insensitive to misregistration. All objectives are mounted in Invar cells and rigidly mated to a common graphite-epoxy aft-optics plafform. Lateral focus and tilt adjustments are made using external fixtures. Alignment and focal length are maintained using bolted, bonded, and pinned interfaces.
The passive radiative cooler assembly, shown schematically in Figure 8b , is designed to passively cool the SWIRJMWIR and LWIR focal planes to 85 K. The cooler requires a 170-by 1 15-degree clear field of view to space and employs three stages of cooling to achieve an operating temperature of 8 1 K. This leaves a 4-K margin to allow for potential degradation over the mission life and temperature control. The design represents an enhancement of the flight-proven Thematic-Mapper (TM) radiative cooler, achieving the added cooling capacity required for the large number of MODIS infrared detectors. Several enhancements to the TM design have been implemented:
S Cold-and intermediate-stage radiator fields of view were increased, resulting in a greater cooling capacity and simpler construction.
S The outer-fin radiator area was increased, providing a lower outer-stage temperature.
S Multilayer insulation was added to the outer stage.
S Cooled aperture baffles were added.
S The dewar stem was enlarged to accommodate the larger MODIS focal plane assemblies.
S Additional contamination control measures were implemented.
S An outer-stage outgas heater was added.
S The mounting ring material was changed from aluminum to Invar for improved registration.
S The cooler mass was reduced from 16 kg to 10.5 kg.
The cold-stage assembly houses the SWIR/MWIR and LWIR focal plane assemblies. Signals from the detector arrays are sent out to the analog electronic modules through fineline cables. These cables are clamped at each stage of the cooler, and must minimize thermal conductance, while maximizing electrical conductance. The rigid, beryllium cold stage must maintain its position with respect to the optical axis after launch vibrations and following many thermal cycles.
Focal plane assemblies
Four FPAs are employed in the MODIS design. Major elements of the FPAs are the detector arrays, the readout integrated circuits (ROICs), the optical filters, and the cables. Figure 9a shows the detectors and ROICs for the LWIR EPA. Figure 9b shows a schematic representation of the SWIRIMWIR and LWIR FPAs on the cold stage of the radiative cooler.
The VIS and NW FPAs use silicon photodiodes hybridized using indium bumps to silicon ROICs. These FPAs benefit from the high quantum efficiency of the photodiodes and the low-noise readout and excellent transient response performance of the capacitive iransimpedance amplifier (CTIA) in the readout circuit. The ROICs also provide internal bias and clock generation as well as electronic calibration circuitry. Photovoltaic HgCdTe was selected as the detector material for the SWIRIMWIR and LWIR FPAs with wavelengths less than 10 jim due to its very large performance margin over other materials. The PV HgCdTe detectors are also hybridized to ROICs. Photoconductive HgCdTe was selected for the six bands with wavelengths greater than 10 jim because PC offers better performance at 85K at these wavelengths. All FPAs are packaged with common filter bezel, motherboard, pedestal, and cable designs.
Critical performance parameters for the FPAs are high signal, low noise, low crosstalk, excellent transient response, high spatial uniformity across the detectors, and high operability. Power dissipation of the cold focal planes must also be minimized to reduce the heat load on the cold stage of the radiative cooler. 
Electronics modules
The MODIS includes three electronics modules: two analog modules and the main electronics module. The analog modules are the forward-viewing analog electronics module (FAM), and the space-viewing analog electronics module (SAM). The preamplifiers for the PC detectors are located in the cooler-located analog module (CLAM), a part of the FAM, located on the radiative cooler outer stage. Redundant electronic circuits are used extensively to enhance system reliability.
Analog modules
All analog processing and A/D conversion of data from the detectors occur in the FAM and SAM. The SAM serves all bands in the VIS, NIR, SWIRIMWIR and the PV HgCdTe bands in the LWIR; i.e., all bands that use an ROIC. Detector signals are amplified by the CTIA to high levels, then multiplexed through the ROIC at approximately 600 K samples/sec. The SAM then applies programmable gain and offset to each sample to better than 12-bit accuracy before A/D conversion. The SAM also provides primary clocks and biases to the PV band ROICs.
The first stage of preamplification for the PC HgCdTe bands occurs in the CLAM. The CLAM is located very close to the PC detectors on the outer stage of the cooler to preamplify the signals, thereby minimizing the effects of crosstalk and electromagnetic interference (EMI). Analog signals from the CLAM are sent to the FAM where integrators provide circuit functions similar to that of the CTIA for the PV bands. 1/f noise in the PC detectors can drift the output beyond the dynamic range of the preamplifier. The dynamic range is maintained using the dc-restore process, which applies an offset based on signals obtained on the blackbody. Each spectral band has a redundant analog multiplexer and 12-bit AID converter. The combined digital data from all six bands is routed to the formatter via a single redundant digital link.
Digital signals from the FAM arid the SAM are sent to the main electronics module for formatting.
Main electronics module
The formatter in the MEM receives the parallel digital data at a day mode raw data rate of 35.3 Mbps. The data are re-registered and packetized with the corresponding pixel data from all spectral bands for a single ground location contained within a common packet. The formatter also performs TDI on bands 13 and 14. The format processor electronics include a high-speed
hardware "format engine" that accomplishes the TDI and reformatting under the control of the "format controller,' a singleboard MJL-STD-1750A computer. The formatter is fully programmable from the ground.
First-in first-out memories, FDDI processors, and drivers buffer the bursts of data from the format processor into a constantrate data stream, and apply the required 5:4 FDDINRZI encoding. These circuits are also fully redundant and cross strapped.
The same single-board 1750A computer design used for the format controller is also used in the telemetry and command processor (TCP), which interfaces the MIL-STD 1553B command busses to perform all instrument command decoding and telemetry gathering and formatting functions. This processor also provides the detailed intelligence and timing for control of MODIS mechanisms. Electronics housed in the MEM support the scan mirror controller and the on-board calibrators, including control of the mechanisms and the lamp controller in the SRCA. The lamp controller uses a photo-diode feedback for control of lamp power. A constant-current backup mode is also available.
The low-noise power subsystem includes fully redundant central power converters and separate analog and digital ground systems. Precision current-limited local power regulators are used on the electronic cards within the MEM.
On-board calibration modules
MODIS provides for on-board calibration sources and optics to generate known and stable optical stimuli to be viewed by the MODIS instrument during its normal scan cycle. As the scan mirror turns, the instrument sequentially views cold space, the Earth scene, a full-aperture solar diffuser, the SRCA, and a full-aperture blackbody. A solar diffuser stability monitor (SDSM) is also provided to monitor the spectral reflectance of the solar diffuser. The on-board calibration modules are shown in Figure 10 . The roles of the various on-board calibrators, the hardware technology utilized, and key performance are summarized in Table 5 . Table 5 . On-board calibrator function and performance. The on-board calibrators provide radiometric, spatial, and spectral calibration ofthe MODIS instrument. The on-board blackbody assembly provides full aperture radiometric calibration of the MWIR and LWJR bands to within 1% absolute accuracy. The blackbody assembly also provides dc restoration of all spectral bands. Restoring on the blackbody rather than on space circumvents difficulties associated with the moon appearing occasionally in the space viewport. Twelve temperature sensors are located on the blackbody source for monitoring and controlling its temperature. The blackbody source will normally float at the instrument's ambient temperature (nominally 293 K), but the capability to heat and control the temperature to 3 15 K upon command is provided. The ambient temperature blackbody will have excellent temperature uniformity across its surface, and the small residual reflection from the blackbody surface is derived from similar temperature surroundings, producing an integrating cavity effect.
The blackbody construction employs an aluminum plate with V-grooves cut at a 45-degree included angle. The V-groove plate will be painted with a specular black paint to ensure a high effective emissivity ( O.992). Paint thickness will be controlled to minimize thermal gradients and maintain sharpness of the edges of the V-grooves.
Space view
A space view is required to measure internal background radiation of the instrument. When the MODIS views cold space, the signal sensed in the infrared bands will be entirely due to the internal background radiation from the sensor. This signal establishes the baseline "zero signal" level for the two-point calibration in all bands, the higher radiance point being provided by the solar diffuser for the VIS, MR. and SWIR bands and the blackbody for the MWIR and LWIR bands.
Four to six times per year, the moon will appear in the space viewport of the MODIS. The phase of the moon will be between first quarter and full. The time intervals are not uniform, but are deterministic. When in view, the moon is in view for approximately a day for part of each orbit. The MODIS will sample the moon 5 to 20 times during each scan. The moon is astable diffuse source that will be well characterized by ground-based measurements for assessing long-term stability of the reflective bands and for cross-calibration with other EOS instruments.
Solar diffuser
The solar diffuser is used for calibration of reflective bands. Once per orbit, at the Earth's poles (North Pole for the AM spacecraft in descending node and South Pole for the PM spacecraft in the ascending node), the Sun's radiation strikes the diffuser. By knowing the reflectance properties of the diffuser, and the sun-angle, it is possible to accurately predict the radiance of the diffuser for absolute radiometric calibration of reflective bands. Illuminated solar diffuser data is only accepted as valid when the instrument is over the dark side of the terminator; this limits the amount of stray light entering the instrument through the Earth-scan viewport during the calibration interval.
The solar diffuser will be fabricated from a thermoplastic form of polytetrafluoroethylene (PTFE) similar to Teflon (duPont) or Halon (Allied Chemical), and marketed under the name of Spectralon by Labsphere, Inc. The material is naturally hydrophobic, and spectral reflectance measurements show no sign of the common water-absorption bands. The material exhibits very low outgassing and is durable and easily cleaned.
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Because the solar diffuser is the primary radiometric calibration target for the reflective bands, it is important that it remain stable throughout the life of the mission. Preliminary data from JPL on accelerated life tests of diffuser material indicate that all materials tested degrade with exposure to UV radiation. Interpolation for a five-year life, however, indicates that the change should be within a few percent, which is within acceptable limits, provided we monitor the diffuser with the SDSM. In addition, the position of the solar diffuser in the MODIS instrument and orbital geometry, combined with the use of the protective doors should minimize exposure to degrading UV radiation.
Spectroradiometric calibration assembly
The SRCA is a compact, multi-mode instrument that provides on-orbit capability for spectral calibration of the VIS and NW bands, and radiometric calibration of the VIS , NW, and SWIR bands. The SRCA also has the capability of measuring bandto-band registration in-orbit for all bands. The instrument has internal sources, optics, mechanisms, and electronics to generate and modify input stimuli to MODIS, and it does not interfere with the normal operation of the main sensor. A schematic of the optomechanical design for the SRCA is shown in Figure 11 . Redundant, incandescent sources, located in an integrating sphere, provide illumination for the VIS, NIR, and SWIR bands. An JR source is directed into the beam through a dichroic beamsplitter for the MWIR and LWIR bands. The spherical integrating source energy is collimated by a spherical relay mirror and reimaged at the entrance of a modified Czerny-Turner monochromator with a rotatable grating wheel containing two gratings and a mirrored surface. With the grating in place, the optics become a monochromator. The output of the monochromator is collected by a two-mirror Cassegrain telescope that collimates the light and directs it, through a fixed fold mirror, to the scan mirror. The monochromatic energy then enters the MODIS optical system where it is sensed by the MODIS detectors. One wavelength measurement is taken per revolution of the scan mirror. Computer modeling has determined the in-flight spectral accuracy of the calibration measurement to be 1 nm. The system also has the capability to perform self spectral calibration by inserting didymium glass near the source and sensing its response profile at the exit slit of the spectrometer with a photodiode.
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In the radiometric calibration check mode, the entrance and exit slits are open and the grating is replaced to a minored surface. The monochromator optics then simply relay the source radiance to the MODIS entrance aperture for calibration of the reflective bands.
In the spatial registration mode, the entrance port of the monochromator is open, and a reticle pattern is placed at the exit port. The image is relayed through the SRCA collimating optics onto the MODIS aperture and reimaged at the MODIS focal planes. Data obtained from the MODIS with the reticle in place provide information on the relative location of the bands in much the same way as a knife-edge response measurement.
Solar diffuser stability monitor
The SDSM periodically measures radiance of the solar-illuminated diffuser relative to direct solar radiance to determine changes in reflective properties of the diffuser. The value of the reflectance data from the diffuser is strongly dependent on our understanding of the reflectance characteristics of the diffuser scattering surface. Because contaminants and exposure to Uv radiation are expected to cause some degradation of this surface, especially early in the mission, it is important to monitor and measure any change in reflectance properties. The relative measurements of spectral reflectance will be made to within 1% accuracy over the spectral range of the VIS, NIR, and selected SWIR bands. The SDSM consists of a spherical integrating cavity with a single input aperture, and 12 bandpass filtered detectors. A three-position fold mirror will permit the integrating cavity to sequentially view the MODIS internal back plate, direct sunlight, and illumination from the solar diffuser. The integrating cavity has a single entrance port with a positive lens to direct the collimated sunlight or diffuser energy to a comparable area on the cavity wall. Sunlight is attenuated with a 2% transmitting screen to maintain dynamic range of the detectors. The detectors are positioned in the cavity wall in such a manner that they view the portion of the wall that does not include the entrance port or the directly illuminated area. Output of the 12 spectrally filtered detectors provides data on the spectral reflectance of the solar diffuser.
PERFORMANCE
High radiometric fidelity, wide dynamic range, and excellent spectral band registration are among the many key MODIS requirements needed to quantify the subtle variations in measured radiance associated with global change. These requirements placed on the insirument have been flowed down to all of the major subsystems of MODIS. Care has been taken to develop system-performance models with performance estimates based on realistic subsystem design parameters. In addition, uncertainties for many of the c:ritical design parameters have been quantified based on design, modeling, and fabrication tolerances. These uncertainties appear as "error bars" on the nominal predictions.
Radiometric sensitivity (SNR and NEL\T)
Signal-to-noise ratio (SNR) and noise equivalent temperature difference (NELT) are figures of merit used to define the sensitivity of the instrument to input optical radiation. The predicted SNRs and NEzTs and the uncertainty on these predictions are shown in Figure 12 for the MODIS instrument.6 All bands show positive margins between the nominal predicted values (diamonds in the figure) and the specifications (bars in the figure). The goal of 36% margin is met in most bands.
Upper and lower bounds on the nominal values reflect the composite 3-sigma uncertainties of each of the performance conthbutors. Detector noise parameters include detector, readout, and preamplification noise, and are obtained from measurements made on the prototype detectors and readouts. SNR is calculated as the integrated detector signal divided by the rootsum-square of all the noise sources. The NELT requires the radiance gradient with respect to temperature for calculation. The dynamic range is calculated by dividing the saturation radiance by the typical radiance and multiplying by the SNR.
The MODIS instrument meets the SNR and NEAT requirements with a reasonable 17.78-cm aperture, a modest number of detectors, and a slow scan rate. In addition, the detector technology was selected to offer high performance without excessive cooling requirements or the use of unproven detector materials. For certain bands requiring especially high SNRs, such as bands 13 and 14, two detectors are summed in TDI to increase signal without overburdening the rest of the system. Finally, detector preamplification uses the patented CTIA technology for bands 1-30, which offers excellent low-noise and transientresponse performance. Hybrid bipolar, dc-coupled, low-noise preamplifiers are used for bands 31-36. 
Performance summary
Extensive modeling and analyses have been performed to predict the level of performance expected for the MODIS instrument. These models serve as design tools and assist the design and decision-making process. Performance models exist for all of the major performance requirements and will be refined as the program continues to develop. Key performance requirements and current margins for the MODIS are summarized in Table 6 . The MODIS is a high-performance instrument designed to meet the needs of the user community. High design margins in critical areas indicate a high probability that the performance requirements will be satisfied when the system becomes operational. 
